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Iron phosphate has been proposed as a candidate material for the encapsulation of nuclear waste. We
studied amorphous and crystalline structures of Fe2þFe3þ2ðP2O7Þ2 and Fe3þ(PO3)3. Amorphous
Fe3þ4ðP2O7Þ3, and two structures comparable with experimentally produced iron phosphate glass (IPG):
40 mol% Fe2O3 and 60 mol% P2O5, with 4% and 17% Fe
2þ ion concentrations were also investigated.
A series of constant volume molecular dynamics (MD) simulations of radiation cascades at 4 keV were
performed. In the crystal structures, the cascades caused local amorphisation. For the glass structures,
the cascades generally produced a rearrangement of atoms but did not signiﬁcantly alter the overall
atomic co-ordination or the ring statistics.
Our work suggests that IPG, especially that with a low Fe2þ ion content, is resistant to radiation in the
nuclear stopping regime. However, the crystalline material with its transition to a radiation tolerant
glassy form, could also be a potential candidate for the containment of nuclear waste.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
In order to protect the environment from High-Level nuclear
Waste (HLW) contamination, long term storage solutions are
required. The leading method is to encapsulate the radioactive
waste within a glass matrix [1,2]. Therefore, current research aims
to ﬁnd a waste glass material that can encapsulate radioactive
waste over long time scales. Due to their chemical durability, iron
phosphate glasses, have gained recent interest [3e5].
In this work, both amorphous and crystalline structures of iron
phosphate glass (IPG), are considered as possible candidate mate-
rials for the glass matrix. These materials were investigated via
computer simulation of radiation damage in the nuclear stopping
regime, usingmolecular dynamics (MD). A series of between 15 and
20 low energy (4 keV) cascades were performed using MD. Table 1
shows the atomic composition, density and system size of each
structure studied. The iron to phosphorous ratio and fraction of
Fe2þ in each composition is also shown. The ratios of elements were
chosen to be consistent with glasses experimentally produced by
our experimental collaborators.Jolley), R.Smith@lboro.ac.uk
B.V. This is an open access articleThe response of each material was investigated by running the
MD simulations for 4 ps after the initial input of kinetic energy to
the primary knock-on atom (PKA). Each composition was analysed
by studying the changes in atomic coordination, atomic displace-
ments and the PO4 tetrahedra cluster size distribution, during the
radiation damage cascade.
In Section 2 a brief overview of the computational methods are
presented. Section 3 describes the initial undamaged structures of
each system. Then in the following section (4), the effects of low
energy collision cascades are discussed. Finally, the conclusions are
presented in Section 5.2. Methodology
2.1. Molecular dynamics simulations
Classical molecular dynamics (MD) with ﬁxed charge potentials
is the method used for the study. The computer simulation
methods and potentials used here, are the same as those described
in our previous papers [6,7]. Only a brief overview is presented
here, while full details can be found in the attached supplementary
material as well as the original papers [6e8].
The pairwise interactions are modelled using the Buckingham
potential (equation (1)), with parameters originally obtained by Al-under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Composition and structural properties of each system considered in this work.
Structure Type Density Atomic composition % Fe2þ/Fetotal Atomic ratio Fe/P Atomic ratio
Fe2þ Fe3þ P O
Fe3þ(PO3)3 Glass 3.2 0.0 7.69 23.08 69.23 0.0 0.33
Fe3þ(PO3)3 Crystal 3.097 0.0 7.69 23.08 69.23 0.0 0.33
Fe3þ4ðP2O7Þ3 Glass 3.2 0.0 12.90 19.36 67.74 0.0 0.67
Fe2þFe3þ2ðP2O7Þ2 Glass 3.35 4.76 9.52 19.05 66.67 0.33 0.75
Fe2þFe3þ2ðP2O7Þ2 Crystal 3.04 4.76 9.52 19.05 66.67 0.33 0.75
IPG with 4% Fe2þ Glass 3.3 0.51 12.25 19.53 67.71 0.04 0.65
IPG with 17% Fe2þ Glass 3.3 2.27 11.01 19.41 67.31 0.17 0.68
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The parameters, Aij, rij and Cij are set for each atomic pair and can
be found in the original paper [8]. qi and qj (in the Coulomb term),
are the partial ionic charges. These charges remain ﬁxed
throughout the simulation, and are given by: qFe2þ ¼ 1:2,
qFe3þ ¼ 1:8, qP ¼ 3:0 and qO ¼ 1:2.
The Buckingham potential does not model the short range in-
teractions between atomic nuclei correctly. For the atomic bonds:
PeO, Fe2þdO and Fe3þdO, the Buckingham potential tends
towards ∞ at short range. For radiation damage cascade simula-
tions, it is important tomodel the short range interactions correctly,
because atoms with high energy can approach within a 1 Å sepa-
ration of each other. Therefore, we use the ZBL potential [9] to
model the short range interactions. The Buckingham and ZBL po-
tentials are smoothly joined together with a splining function,
F(r) ¼ exp(f0 þ f1r þ f2r2 þ f3r3 þ f4r4 þ f5r5). The parameters f0 to f5
are chosen such that the potential is continuous in value and its ﬁrst
and second derivatives [6].
Three-body interactions within the OePeO and PeOeP triplets,
are modelled by the Stillinger-Weber potential [10]. This controls
the local bond angles between adjacent PeO bonds. This three-
body potential ensures that the PO4 tetrahedra within our iron
phosphate structures are stable. Also, this allows the PO4 tetrahedra
to form glassy chains while maintaining the correct bond angles
and coordination states. The potential parameters used, can be
found in our previous paper [6].2.2. Damage analysis
The simplest method for determining damage is to count the
number of displaced atoms. An atom is considered as displaced if it
moves a minimum of 1.5 Å from its original position. This value is
chosen as it is the minimum bond length in the system. This is
useful for highlighting displaced atoms during a cascade. However,
since both the initial and ﬁnal structures are amorphous, it cannot
determine if the new structure is truly damaged, or just an equally
stable rearrangement of PO4 tetrahedra.
Another method is to consider the coordination number of the
iron and phosphorus atoms. Any phosphorus atom that is not 4-fold
coordinated can be thought of as being in a defective state. The
bond cut-off range, is set to the point at the minimum between the
ﬁrst two peaks in the radial distribution function. For PeO bonds
the bond cut-off is 2.0 Å, and for both Fe2þdO and Fe3þdO bonds,
the cut-off is 2.65 Å. This method can highlight damage in any given
structure, however, it only gives very localised information.2.3. Identifying PO4 clusters
To investigate damage over longer ranges, the effect of the
cascades upon the clusters of PO4 tetrahedra within each structure,
were investigated. Only PeO bonds are considered as valid con-
nections. All connected atoms for each atom in the structure are
recorded. Therefore, the iron atoms are ignored in the calculations
of clusters, chains and rings of PO4 tetrahedra.
To identify the clusters, all atoms connected to a given source
atom are found using the Dijkstra algorithm [11], since it explores
all connections efﬁciently.
The Dijkstra algorithm [11] is normally used to compute the
shortest path from a given source node to all other connected nodes
in a network. In our work the simpliﬁed non-weighted Dijkstra
algorithm of Yuan [11] is used. This algorithm labels each atomwith
a number indicating the minimum number of links from a con-
nected source atom in a network. Once this completes the total
number of links found within each cluster is recorded. The number
of phosphorus atoms within each cluster are counted to determine
the cluster size in units of PO4 tetrahedra.
2.4. Primitive rings
A primitive ring, is one that cannot be split (or decomposed) into
two smaller rings. An equivalent deﬁnition is that the shortest path
between any pair of nodes on the ring, is part of the ring. This
deﬁnition of a primitive ring is the same as that used by Hobbs [12]
and explained in detail in Ref. [11].
3. Initial structures
3.1. Glass structures
The amorphous glass structures were produced by quenching.
The optimal density of each composition was determined in our
previous work [7]. For each composition a set of atomic arrange-
ments were quenched at optimal density. Structures with the
lowest total lattice energy were then used in the radiation damage
simulations. To obtain the quenched lattices, around 2000 atoms
are placed in a cubic simulation box with the required atomic
composition. Each atom has an initially random position, while
ensuring that no two atoms are closer than 1 Å. The system is
thermalised at 6000 K for 10 ps, and then quenched for 1.2 ns at a
rate of 51012 K/s. To obtain the ﬁnal 0 K lattice, the energy was
minimised using the conjugate gradient method. Super-cells of
around 450,000 atoms were created by stacking multiple copies of
these quenched lattices.
All glass structures contain a size distribution of clusters of PO4
tetrahedra. For each structure, primitive rings of PO4 tetrahedra
were identiﬁed using the method described in Ref. [11]. The vast
majority of the clusters of PO4 tetrahedra are branching chains,
Table 2
Coordination number of each atomic species for the initial state of each structure.
Glass system CN O at.% P at.% Fe2þ at.% Fe3þ at.%
Fe2þFe3þ2ðP2O7Þ2
Glass
1 2.14 e e e
2 50.76 e e e
3 13.29 e e e
4 0.48 19.05 1.24 3.19
5 e e 2.62 5.00
6 e e 0.90 1.33
Fe3þ4ðP2O7Þ3
Glass
1 2.89 e e e
2 59.96 e e e
3 4.84 e e e
4 0.05 19.35 e 5.55
5 e e e 6.21
6 e e e 1.14
Fe3þ(PO3)3
Glass
1 9.97 e e e
2 57.31 e e e
3 1.95 e e e
4 e 23.08 e 1.76
5 e e e 4.51
6 e e e 1.42
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tained less than 2 rings (some contained none), no detailed analysis
of rings were performed in this work. Fig. 1 shows the fraction of
clusters of each size for each glass structure. The distribution of
cluster size for all the structures is the same and follows an expo-
nential relation (0.6534exp(0.539 L)). The Fe3þ(PO3)3 structure
contained mostly one large connected region of PO4 tetrahedra.
However, there were also many smaller clusters of PO4 tetrahedra
in this structure, that had the same exponential distribution in size.
In the Fe3þ(PO3)3 glass structure, the majority of phosphorus
atoms, are connected together. In all other cases, the majority of
phosphorus atoms are either isolated PO4 tetrahedra or in P2 O7
groups (chain length ¼ 2).
Table 2 shows the percentage of atoms in each coordination
state. In all cases, the phosphorus atoms have 4-fold coordination.
For the glass structures, the oxygen coordination varies between 1
and 4 with the majority of oxygen atoms 2-fold coordinated. The
iron coordination varies between 4 and 6.Fe2þFe3þ2ðP2O7Þ2
Crystal
2 38.10 e e e
3 28.57 e e e
4 e 19.05 e e
5 e e e e
6 e e 4.76 9.52
Fe3þ( PO3)3
Crystal
2 69.09 e e e
3 e e e e
4 e 23.18 e e
5 e e e e
6 e e e 7.723.2. Fe2þFe3þ2ðP2O7Þ2 crystal
The structure of the Fe2þFe3þ2ðP2O7Þ2 crystal was determined
by Ijjaali et al. [13], using direct X-ray techniques (oscillating crystal
and Weissenberg camera) and difference Fourier synthesis. The
atomic position data they obtained can be found in the original
paper [13] as well as within the supplementary material.
The structure was found to ﬁt the Pnma space group. The crystal
is orthorhombic with cell lengths given in the original paper as:
a¼ 8.95 Å, b¼ 12.235 Å and c¼ 10.174 Å. The unit cell consists of 84
atoms.
GULP [14] was used to optimise the structure for our potential.
Constant pressure optimisation was performed by allowing only
the cell lengths to vary while keeping the cell angles ﬁxed at 90. It
was found that the lattice parameters changed by less than 1% to
give: a ¼ 9.0144 Å, b ¼ 12.1976 Å and c ¼ 10.2466 Å. The density of
the optimised structure was 3.04 g/cm3.
Views of the crystalline structure along each direction ([001],
[010] and [100]) are shown in Fig. 2. The crystal structure contains
two distinct groups, P2O7 and Fe3O12. These are drawn separately in
panels e and f. It can be seen from Fig. 2, that both the P2O7 and
Fe3O12 groups appear in columns aligned along the [010] direction.
In contrast to the glass structures, all PO4 tetrahedra are contained
within these P2O7 groups. Table 2 shows that all iron atoms have 6-
fold coordination, all phosphorus atoms are 4-fold coordinated and
the oxygen atoms are found in both 2 and 3 fold coordination states.Fig. 1. For each un-irradiated structure, the fraction of clusters of PO4 tetrahedra is
plotted against cluster size. All compositions have the same exponential size distri-
bution. The error bars represent the standard deviation.3.3. Fe3þ(PO3)3 crystal
The Fe3þ(PO3)3 crystal structure was determined by Elbouaa-
nani et al., using single-crystal X-ray diffraction [15]. The authors
determined the space group to be Cc. The fractional atomic co-
ordinates are given in the original paper [15] and are also available
in the supplementary material. The crystal was found to be
monoclinic, with cell lengths: a ¼ 13.148 Å, b ¼ 19.076 Å and
c ¼ 9.410 Å and cell angles: a ¼ g ¼ 90.0 and b ¼ 127.0.
As before, GULP [14] was used to optimise the structure for our
potential. A constant pressure optimisation resulted in cell lengths
of: a ¼ 13.115 Å, b ¼ 19.104 Å and c ¼ 9.308 Å, and cell angles:
a ¼ g ¼ 90.0 and b ¼ 127.365. The density of the optimised
structure was 3.097 g/cm3.
In contrast to the Fe2þFe3þ2ðP2O7Þ2 crystal, the PO4 tetrahedra
form long chains that undulate along the c axis as can be seen in
Fig. 3. There are no short chains of PO4 tetrahedra in the crystal. All
the iron atoms are isolated in single Fe3þO6 groups. Again, Table 2
shows that all phosphorus atoms are 4-fold coordinated and all
oxygen atoms are 2-fold coordinated.4. Results: comparison of structures after a 4 keV cascade
For each glass and crystal structure, a set of radiation damage
cascade simulations were performed using our own MD code,
LBOMD. A random primary knock-on atom (PKA) of the chosen
atomic species is given 4 keV of kinetic energy in a random direc-
tion. 4 keV was chosen as it allows cascades of a reasonable size to
develop while allowing sufﬁcient statistics to be obtained from
each system in a reasonable time. For each composition, between
15 and 20 simulations were performed. Each simulation takesz 2
days to complete when running in parallel on 12 Westmere Xeon
X5650 CPUs (72 cores).
Fig. 2. The Fe2þFe3þ2ðP2O7Þ2 crystal with only PeO bonds drawn, viewed along the (a) [001] direction, (b) [010] direction and (c) [100] direction. Panel (d) shows the crystal viewed
along the [100] direction with only iron-oxygen bonds drawn. (e) Fe3O12 group (f) P2O7 group.
Fig. 3. The Fe3þ(PO3)3 crystal structure showing chains of phosphorus tetrahedra
undulating along the c-axis. red: O2 and magenta: P5þ. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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For each glass and crystal structure, Fig. 4 shows the average
total number of atoms displaced, plotted against time. The number
of displacements reaches a constant value at around 1.5 ps, in all
cases. Signiﬁcantly fewer displacements are seen in the crystallineFig. 4. The total number of atoms displaced by 1.5 Å after a 4 keV cascade. Each plot is
an average of at least 15 simulations. In all cases an Fe3þ atom is the PKA. The legend is
in the same order as the average total displacements at 4 ps. Error bars representing
the standard error of the mean are shown for selected points on each curve.
Fig. 6. For the glass compositions, the total number of atoms displaced by 1.5 Å after a
4 keV cascade is plotted against the iron to phosphorus ratio. The iron PKA data is
plotted with diamond markers, while the phosphorus PKA data is plotted with circle
markers. Two dashed lines of best ﬁt for Iron and Phosphorus PKA's are also shown.
We see in general, that iron PKA's cause a greater number of displacements. The error
bars represent the standard error of the mean.
Fig. 7. For the two crystalline structures Fe2þFe3þ2ðP2O7Þ2 and Fe3þ(PO3)3, the total
number of atoms displaced by 1.5 Å after a 4 keV cascade is given as a function of time,
for simulations performed at 0, 300 and 500 K. The legend is in the same order as the
plots appear in the graph. The error bars represent the standard error of the mean.
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tem, whereas for the Fe2þFe3þ2ðP2O7Þ2 crystal, there were only 10%
fewer displacements compared to the equivalent glass structure.
This can be explained by the difference in the displacement energy
threshold, Ed, for the two systems. These were calculated from a
large number of different directions and randomly chosen phos-
phorus PKA's in the crystals, following the procedure outlined in
Ref. [6]. The results shown in Fig. 5 show a higher average value and
a wider spread for the Fe3þ(PO3)3 system.
The ﬁnal number of displaced atoms, 4 ps after the 4 keV
cascade, plotted against the iron to phosphorus atomic ratio, is
shown in Fig. 6. The data for each glass structure for PKA's ¼ P, Fe2þ
and Fe3þ is given. It is shown that iron PKA's result in a greater
number of displacements compared to phosphorus PKA's. The re-
sults for the two iron species are very similar. Furthermore, there
are a greater number of displacements observed in structures with
a higher iron to phosphorus atomic ratio.
The Kinchin-Pease Model and its variants predict that the
number of Frenkel pairs created by a PKA, above z 2Ed, is pro-
portional to the PKA energy and is inversely proportional to Ed.
Since the crystals form stable glassy structures, we cannot consider
vacancies and interstitials in our system but it is possible to
compare the results qualitatively, by considering the number of
displaced atoms caused by the cascade. For the Fe3þ( PO3)3 crystal,
the peak threshold energy was 52 eV, and for the Fe3þ4ðP2O7Þ3
crystal, the peak threshold was 32 eV. The Fe3þ(PO3)3 crystal con-
tained far fewer displacements than the Fe2þFe3þ2ðP2O7Þ2 crystal.
Future work will investigate the relationship between the peak Ed
the number of displaced atoms over a range of PKA energies.
Cascade simulations in the crystalline structures were also
performed at 300 and 500 K. Here the initial lattice is thermalised
at the desired temperature before the cascade. The cascades further
warm the system by 30 K due to the added energy supplied by the
PKA since we did not attach a heat bath to the edges of our simu-
lation box. This data is plotted, along with the 0 K case in Fig. 7. As
expected at 500 K, there are a greater number of displacements for
both crystals. At 300 K, only the Fe2þFe3þ2ðP2O7Þ2 crystal contained
a greater number of displacements.
Fig. 8 shows the displaced atoms (displacement > 1.5 Å from the
initial position), caused by a typical 4 keV phosphorus PKA in each
glass structure studied. Figs. 10a and 11a shows the displacements
for a typical cascade for the Fe2þFe3þ2ðP2O7Þ2 and Fe3þ(PO3)3
crystal structures respectively. We see a branching structure of
displaced atoms in all cases. There are regions along the damage
tracks, that contain no displaced atoms, indicating some degree of
channelling of higher energy atoms. The majority of atoms areFig. 5. The displacement energy threshold distributions for phosphorus atoms in the
two crystal structures. The error bars represent the standard deviation.displaced by less than 10 Å, while a few (typically including the
PKA) are displaced by up to 150 Å. There is a wide variation in the
number of displaced atoms in each case. In some simulations, a
direct head-on collision with a PeO or FeeO bond caused a smaller
damage region involving fewer atoms.4.2. Coordination
To assess the damage caused by the cascades, the variation of
the coordination number of each atom: P, Fe2þ and Fe3þ, is studied
during cascades. Fig. 9 contains a series of plots that show the
number of atoms in each coordination state against time for each
atomic species.
For the phosphorus atoms, the cascade initially destroys many
PO4 tetrahedra. However, almost all of them recover within 1 ps.
For the Fe2þ atoms, the number of 2 coordinated atoms initially
peaks, but recovers to close to zero after 3 ps. A similar but slightly
faster recovery is observed in the 7-fold case. Thus this data is not
shown in the ﬁgure. In the 3-fold coordination case, the production
of up to 30 under-coordinated atoms for the Fe2þFe3þ2ðP2O7Þ2 glass
and IPG with 17% Fe2þ can be seen. The crystalline
Fe2þFe3þ2ðP2O7Þ2 structure recovered leaving an average of 4
under-coordinated atoms. The IPG with 4% Fe2þ, also recovered to
an average of 2 under-coordinated atoms, however, this structure
Fig. 8. These images show the result of a typical cascade caused by a PKA with 4 keV in all the glass compositions studied. Atoms displaced by more than 1.5 Å are shown. (a)
Fe2þFe3þ2ðP2O7Þ2 glass (b) Fe3þ4ðP2O7Þ3 glass (c) Fe3þ(PO3)3 glass (d) IPG with 17% Fe2þ (e) IPG with 4% Fe2þ.
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17% Fe2þ. This still means that a stronger recovery occurred in the
IPG with 4% Fe2þ case. For the 4 and 5 coordination states, only the
crystalline structures were considered. Here, the production of an
average of 27 and 86 Fe2þ atoms with coordination states of 4 and 5
respectively is observed. Similarly for 4 and 5 coordinated Fe3þ
atoms, recovery after an initial spike, to 43 and 140 respectively for
the Fe2þFe3þ2ðP2O7Þ2 crystal structure, and 14 and 78 respectively
for the Fe3þ(PO3)3 crystal structure, was observed.
Since the initial glass structures contain many 4 and 5 coordi-
nated iron atoms, the production of many under-coordinated iron
atoms in the crystalline structures, indicates transition to a more
glass like structure.4.3. Clusters of PO4 tetrahedra
Fig. 10 shows images of a typical cascade in the
Fe2þFe3þ2ðP2O7Þ2 crystal. Panel b shows only clusters of PO4
tetrahedra that have been created by the cascade. It can be seen
from panels c to f, that these clusters have been created, by joining
together existing 2-member chains within the crystalline structure.
The clusters are coloured by size, with the key shown in panel b.
The clusters created consist mostly of linear and branching chains
of PO4 tetrahedra.
In contrast, the Fe3þ(PO3)3 crystal initially contains long chains
of PO4 tetrahedra that undulate along the c axis. It can be seen from
Fig. 11, that the cascade causes breaking and cross-linking of these
Fig. 9. The total number of Fe2þ and Fe3þ atoms in coordination states 3,4 and 5 are plotted against simulation time. The PKA ¼ Fe3þ for all cases. A different PKA produced very
similar results. Data for the 3-fold coordinated atoms, is shown for all compositions, while only data from the crystal cascades is shown for the 4 and 5-fold coordination states.
Error bars representing the standard error of the mean are shown for selected points on each curve.
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Fig. 10. These images show the result of a typical cascade caused by a PKA with 4 keV in the Fe2þFe3þ2ðP2O7Þ2 crystal. (a) Shows atoms displaced by more than 1.5 Å. Typically a
branching structure of displaced atoms occurs. (b) Shows PO4 chains that are created that contain greater than 2 phosphorus atoms. The chains are coloured by length, with the
colours indicated in the ﬁgure. There were no rings observed. Iron atoms are not shown. Panels (c) to (f) show all PO4 chains (including the undamaged 2-member chains) as viewed
along the (c) [100] direction (d) [001] direction and (e) (f) [010] direction. Longer chains have been created by the cascade, by cross-linking between the existing 2-member chains.
K. Jolley, R. Smith / Journal of Nuclear Materials 479 (2016) 347e356354existing chains.
The variation of the size distribution of PO4 clusters, after the
cascades, is now considered. Fig. 1 shows that all the initial struc-
tures followed the same exponential distribution. In Fig. 12a the
change in the number of PO4 clusters of each size is plotted against
the cluster size.
With the exception of the Fe3þ(PO3)3 glass structure, all cas-
cades caused a reduction in the number of clusters of sizes between
1 and 4. The creation of larger clusters is also seen. The Fe3þ(PO3)3
glass is a special case, since it is mostly formed of one large con-
nected cluster of PO4 tetrahedra.
For the Fe2þFe3þ2ðP2O7Þ2 crystal, all phosphorus atoms are
initially contained within chains of length 2 PO4 tetrahedra (P2 O7).
The cascade destroys many of these, leaving a large fraction of
isolated PO4 tetrahedra. Also many large clusters up to 13 PO4tetrahedra in size, are created. These clusters comprise of both
linear and branching chains. In Fig. 12b the fraction of each cluster
size created by the cascade is plotted against cluster size. The
exponential ﬁtting obtained in Fig. 1 is also plotted for comparison.
Slightly more clusters of size 3 and 4 are seen, compared to this ﬁt,
while the fraction of larger clusters created closely matches the
fraction seen in the pristine glass structures.5. Discussion and conclusion
For a range of compositions of glass and crystalline iron phos-
phate, radiation damage was investigated by averaging over at least
15 simulations of 4 keV cascades. The cascade trajectories have
been analysed by considering atomic displacements and coordi-
nation numbers of each atomic species. Longer range effects, were
Fig. 11. These images show the result of a cascade caused by a PKA with 4 keV in the Fe3þ(PO3)3 crystal. (a) Shows all atoms displaced by more than 1.5 Å. (b) The damage caused to
one layer of chains of PO4 tetrahedra undulating along the c-axis is shown. Damage from the cascade has caused the breaking and cross-linking of these chains. The atoms are
coloured by chain length to aid viewing. (c) The damaged Fe3þ(PO3)3 crystal looking down the c axis. The chains are coloured by length. Light blue chains are undamaged while
green and red chains contain cross-links. Dark blue chains are the shortest due to breaks at some point along the chain. (d) A zoomed in view of (c) where a single cross link is
clearly visible. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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ters of PO4 tetrahedra of each size, caused by the cascades.
The number of displaced atoms increases with increasing iron
phosphorus atomic ratio. The Fe3þ(PO3)3 crystal and glass had the
fewest atomic displacements. This composition contains no Fe2þ at
all. The Fe3þ4ðP2O7Þ3 glass (which also contains no Fe2þ), had the
next fewest total displacements. The IPG with 4% Fe2þ had fewer
displacements than the IPG with 17% Fe2þ, after the cascade.
In our previous work [7] plots of the coordination number of
phosphorus atoms against time, show thatmany PO4 tetrahedra are
initially destroyed by the cascade, but quickly recover within 1 ps,
this was also observed for all compositions studied here. For the
crystals, an increase in the 4 and 5 coordination states of the iron
atoms occurs. This suggests that the crystal is becomingmore glass-
like, since these atomic species exist in 4e6 coordination in the
glasses.
The glassy structures created by the cascade in the crystals
appear to be stable over far longer time-scales than the vacancies
and interstitials produced in metallic crystals. Unlike metals, where
interstitials may quickly recover, aggregate into loops or diffuse to
the boundaries, the crystalline structures form long chains of PO4
tetrahedra. The distribution of PO4 chain lengths created by thecascades in the crystals, was similar to the pre-irradiated glass
structures. After one cascade in a Fe2þFe3þ2ðP2O7Þ2 crystal, the
damaged structurewas heated to 1500 K, close to themelting point,
and constant temperature MD was run for over 1000 ps. Whereas
some Fe atoms moved up to 5 Å all the created chains of PO4
tetrahedra remained intact. Only small displacements and rotations
of the PO4 tetrahedra were observed. Using the Arrhenius equation,
this equates to minimum energy barriers exceeding 1 eV for the
breaking of these chains. This means that the glass-like chains are
likely to remain stable over long time scales.
The results indicate that the structural integrity of the glass
structures remain intact after irradiation in the nuclear stopping
regime and that the phosphate crystals can transform to a glassy
structure. Further work will study the long time scale and dose
effects in more detail but the conclusion based on individual cas-
cades is that IPG, especially that with a low Fe2þ ion content is
resistant to radiation in the nuclear stopping regime but that the
crystalline material with its transition to a radiation tolerant glassy
form could also be a potential candidate for the containment of
nuclear waste.
Fig. 12. (a) The change in number of clusters of PO4 tetrahedra against cluster size for
each glass composition after a 4 keV cascade. (b) The fraction of each cluster created by
the cascade for the Fe2þFe3þ2ðP2O7Þ2 crystal. This is compared with the exponential ﬁt
of the pristine glass structures presented in Fig. 1.
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